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NOTATION 


Electric field intensity 

Depth of medium 

z component of electric current 
y component of electric current 
z component of electric current 
Pressure 

Arc length 

Free-stream velocity 

Electric potential function 
Tangential velocity 

z component of velocity 

y component of velocity 


z component of velocity 


Complex velocity potential function 


Longitudinal direction 
Transverse direction 

Vertical direction 

Mass density of fluid 

Specific resistance of medium 
Hydrodynamic potential function 


Hydrodynamic stream function 


ABSTRACT 


The design and development of an electrolytic tank is described anda dis- 
cussion is given of some of the difficulties encountered in putting the tank into 
operation. The techniques developed for finding the velocity and pressure dis- 
tributions about cylindrical bodies and about three-dimensional bodies of revo- 
lution are described, and some results obtained for bodies with known velocity 


and pressure distributions are presented. 


INTRODUCTION 


An electrolytic tank has been constructed and put into operation at the David Taylor 
Model Basin as part of a project to study the hydrodynamic flow about torpedoes and other 
bodies. ! In this tank it is possible to survey velocity distributions of the potential flow about 
two-dimensional bodies and three-dimensional bodies of revolution with an accuracy compara- 
ble to that obtained by direct measurement in the towing basin or water tunnel. The method may 
eventually be extended to study more general types of flow on three-dimensional bodies, pres- 
sure distributions on a ship model, pressure distributions induced on a nearby wall by a moving 
body, etc. 

Electrolytic tanks have been built at many laboratories both in this country and abroad. 
Two-dimensional tanks were built at the National Physical Laboratory in England before 
1930,7"3 and during the next twenty years L. Malavard and his colleagues perfected techniques 
and extended applications to many problems of aerodynamics.*~’ The method has also been ex- 
tended to determine the flow about three-dimensional bodies, particularly to bodies of revolution, 
flow through conduits, etc. 

This paper describes the electrolytic tank which has been built at the Taylor Model 
Basin for two- and three-dimensional studies, reports the techniques developed for obtaining 


pressure distributions, and discusses the difficulties which have been encountered. 


THEORETICAL CONSIDERATIONS 


The steady irrotational flow of an incompressible inviscid fluid may be represented by 


a potential function ¢ (2, y, 2) which is a solution of the Laplace equation (see standard 
texts in hydrodynamics, e.g., Lamb.°) 
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References are listed on page 28. 


Lines of constant ¢, known as the velocity potential, are everywhere normal to the 


direction of flow, and the velocity components are obtained from the gradient of this function. 


VV = 


x Gey = V,= 


ag a6 a6 
Ox Y oy 5 aa 


[2] 
Equations [1] and [2] are valid for both two- and three-dimensional flows. 
The Laplace equation with similar boundary conditions also occurs in other fields of 


physics, particularly in electrostatics where the electric potential V satisfies the Laplace 


equation 
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where o is the specific resistance of the medium and / the depth of the medium. Since the 
forms of the equations are identical, it is possible to determine the hydrodynamic flow from a 
study of the electrical counterpart in which the hydrodynamic velocity potential ¢ corresponds 
to the electric potential V. Such analogies are possible both in two- and three-dimensional 
flows whether the flow is axisymmetrical or*not. 

In two-dimensional flow and in three-dimensional flow in which there is an axis of sym- 
metry, there exists a system of stream functions y which are constant along lines of flow and 
are everywhere orthogonal to equipotential lines. In two-dimensional flow, y as well as ¢ is 
a potential function and satisfies the Laplace equation. Hence, ¢ and y may be represented 
as the real and imaginary parts, respectively, of a complex potential function: 


w(2, y) = $(2, y) + ty, y) [5] 
The velocity components in terms of ¢ and y are given by the Cauchy-Riemann equations: 
d¢ Oo 
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In the two-dimensional electric field analogy, a system of lines of constant electrical 
flux E exists which forms an orthogonal network with the lines of constant electrical potential, 
where E also satisfies the Laplace equation. Thus, V and E may also be represented as the 


real and imaginary parts of a complex potential function: 


f(z, y) =V(2, y) +t E (a, y) [7] 
The components of current are 
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Since the stream function and velocity potential satisfy identical equations for two- 
dimensional flow, the role of ¢ and y may be interchanged. Thus, in setting up an electrical 
analogy, the streamlines y may be represented either by V or EF and the equipotential lines ¢ 


by the other function. Either one of two analogies may be used in an electrolytic tank. 
Analogy A: ¢=V wWe=E [9] 


A dielectric model representing the hydrodynamic body is placed in a semiconducting medium 
in such a way that equipotential lines correspond to lines of constant electric potential and 


streamlines correspond to lines of constant electric flux. 
Analogy B: ¢@=E ywpe=V [10] 


A conducting model representing the hydrodynamic body is placed in a dielectric medium in 
such a way that the equipotential lines of flow correspond to lines of constant electric flux 
and streamlines correspond to lines of constant electric potential. 

When the flow is three-dimensional with axial symmetry, the physical interpretation of 
the stream function is somewhat different from that in two-dimensional flow. Since in three 
dimensions the stream functions define surfaces across which there is no flow, the stream 
function at any point in the medium is proportional to the flux of flow through a surface gener- 
ated by the revolution about the symmetry axis of any curve joining this point with the axis. 
The velocity components parallel and normal to the symmetry axis are respectively: ® 
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Since the stream function here is a measure of the flux of flow through a surface rather than 
the flow across a line in two-dimensional flow, the dimensions of y are no longer the same as 
those of ¢ and the form of the equations defining the velocity components [11] is different 
from that of [6]. Although ¢ still satisfies the Laplace equation, y does not. By use of the 
continuity equation and the condition of irrotationality of the motion, the differential equations 


for ¢ and w are: 
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In the three-dimensional electrical analogue, equations analogous to [9] and [10] hold 
in V and E. Since E no longer satisfies the Laplace equation, # and V are also not inter- 
changeable in the electrical analogy. Hence, Analogy A in which ¢ = V and y = E£ is almost 
always used in electrolytic tank studies. If Analogy B is used, it is necessary to employ a 
sloping tank, in which the depth of electrolyte varies as rs 

No stream function exists in three-dimensional flow in which there is no axis of sym- 
metry. Analogy A may still be applied to this case, however, since there is still a complete 
correspondence between the hydrodynamic equipotential lines and the lines of constant elec- 
trical potential. The velocity components are still proportional to the gradient of the electric 
potential. 

There are a number of ways in which the electrical analogies have been realized, and 
numerous papers have been written on special problems which have been solved with the aid 
of an electrolytic tank and other rheoelectric methods. It is not the purpose of this report to 
review all possible uses of an electrolytic tank but rather to describe the TMB electrolytic 
tank and the techniques developed for obtaining pressure distributions about hydrodynamic 
bodies. 


DESCRIPTION OF EQUIPMENT AND CIRCUIT 


Considerable care is necessary in designing and constructing an electrolytic tank. The 
walls and bottom should be plane, and opposite walls should be parallel to each other and 
perpendicular to the bottom and to adjacent walls. Provision should be made for leveling the 
tank to make the bottom horizontal, levels for this purpose can be seen on the sides of the 
steel frame in Figure 1. The conducting plates which constitute the electrodes should be 
plane and aligned parallel to each other and perpendicular to the bottom and adjacent walls. 

It is equally important that the rails and cross beams for supporting the probe carriage be 
carefully aligned with the tank walls so that the probe may be moved in true longitudinal and 
transverse directions without canting. 

The electrolytic tank which was designed and built at the Taylor Model Basin consists 
of a steel tank with a lining of insulating material; see Figure 1. The inside dimensions are 
46 x 27 7/8 in. on the bottom and may be filled to a depth of 15 in. Two pairs of heavy copper 
electrodes are available, one pair for the long sides of the tank and another pair for the short 


sides. The probe for exploring the electric field may be supported either on the arm of a 
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Figure la - Electrolytic Tank Fitted with Pantograph Figure 1b - Electrolytic Tank Fitted with Cross 
Beams and Carriage 


Figure 1 - General Views of the Electrolytic Tank 


pantograph or on a small carriage mounted on cross beams which slide on a pair of rails fas- 
tened to the long sides of the tank. 

_ The tank lining adopted for the TMB electrolytic tank was cast of a wax compound (30 
percent aristo and 70 percent beeswax), and the surfaces were made smooth and plane by hand 
scraping. This type of lining was adopted after considerable trouble was encountered with a 
glass lining. The glass plates were difficult to seal and they cracked easily. It was impor- 
tant to avoid leaks as it was impossible to operate with a low resistance between the electro- 
lyte and the metal frame. The presence of beeswax in the wax compound makes the lining 
more pliable and less apt to crack with changes in temperature. Moreover, cracks in the wax 
are easily repaired. 

The velocity and pressure distributions about two-dimensional bodies are investigated 
in the TMB tank with the use of Analogy A by placing dielectric cylindrical bodies at the 
center of the tank or by mounting half of the cylinder on one of the vertical tank walls. Simi- 
larly, in the study of three-dimensional bodies of revolution, a quarter body is mounted on one 
of the vertical walls and the water level is brought exactly to the axis of the body. In both 
cases, the electric field is explored by probing the surface of the electrolyte in contact with 
the body.* 

The dielectric models used with Analogy A have been machined out of the same hard 
wax compound that is used for ship models at the Taylor Model Basin,? and they are sprayed 


with Krylon, a waterproofing plastic compound which is hydrophobic, to eliminate the meniscus 


* 

It is hoped that a technique can be developed for determining the pressure distribution about three-dimensional 
bodies with only one or two planes of symmetry, such as a ship model. The field about such bodies will be ex- 
plored beneath the surface with a slender insulated probe with only the tip exposed. 
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Figure 2a - Probing Along the Contour of a Wax Figure 2b - Probe Mount Showing the Micrometer 
Model of a Half Body Screws for x, y, and z Motions 


Figure 2 - Views of the Probe Mounted on the Cross Beams 


at the water surface. Since it is difficult to hold tolerances of a few thousands of an inch 
with wax models it will be necessary to machine future models out of plastic material. 

The pantograph shown in Figure 1a is useful for plotting lines of constant electrical 
potential in the vicinity of a body. In two-dimensional flow, streamlines are easily obtained 
as lines of constant electrical potential if the body is a conductor and Analogy B is used. 
Points may be located within + 0.01 in. with the pantograph. 

If the velocity and pressure distributions about a body are required, greater precision 
may be obtained by using the probe mounted on a carriage (Figures 1b and 2). The carriage 
is supported by cross beams which move longitudinally on rails parallel to the sides of the 
tank. Longitudinal and transverse motions may be adjusted by micrometer screws. The height 
of the probe may be varied by means of a coarse screw with a calibrated head. Hence, dis- 
placements in all three directions may easily be determined within 0.001 in. or better. 

Two methods were investigated for finding pressure distributions, the double-probe 
method first described by Taylor and Sharman? and the single-probe method. Analogy A is, 
used in both methods and the potentials or potential differences are obtained with potentio- 
meter circuits and a null instrument. The single probe is used for probing in contact with the 
body, and the double probe is used for obtaining the pressure field away from the model. 

The circuit used in exploring the pressure distribution with a single probe is shown in 
Figure 3. A pair of copper electrodes is set up parallel to each other at opposite ends of the 
tank and is fed with 110-volt alternating current. Tap water was found to be a satisfactory 
electrolyte. The potential at the probe is obtained by adjusting the capacitance C and the 
voltage divider R for a null reading of the null instrument. The ratio of the potential at the 
probe to the potential across the tank is read from the voltage divider. 


The construction of the voltage di- 
vider R is shown in Figure 4. The resistors 
in each bank are noninductive precision re- 
sistors, accurate within + 0.25 percent. A 
slide wire potentiometer is used in the last 
stage for fine adjustment. Thus the poten- 
tial at the probe may be read to six figures, 
with an uncertainty in the fifth or sixth 


Null 
place depending upon the stability of the rest Instrument 
of the circuit. Although an accuracy of four 
significant figures in the potential may be 


sufficient for obtaining a pressure distribu- elt 
Tuned Circuit 


tion about a large model with gradual changes 
in curvature, it is necessary to obtain five Figure 3 - Wiring Diagram of the Electric 
and sometimes six significant figures in the Circuit Used with the Single Probe 
potential about small bodies where the curva- 

ture changes rapidly. 

The sensitivity and stability of the electrical circuit are improved by eliminating elec- 
trical pickup and ground loops, by avoiding polarization of the electrolyte at the probe and 
electrodes, and by eliminating phase shifts in the circuit to the null instrument. 

To eliminate ground loops and extraneous pickup, isolation transformers are inserted in 
the input and output circuits and the leads from the probe are shielded. The insertion of a 
tuned circuit across the leads to the null instrument excludes extraneous frequencies and 
greatly improves the sensitivity of the null reading. 

Polarization of the electrolyte about the probe and the electrodes manifests itself as an 
instability in the null reading. In those experiments where four-place accuracy in the poten- 
tial is sufficient, polarization was not particularly troublesome even when a 60-cycle power 
supply was used. If greater precision is needed in the potential readings, precautions have to 
be taken to eliminate polarization. Polarization may be reduced by increasing the frequency 
of the power supply and by coating the probe and electrodes with Aquadag. With the Aquadag 
coatings, the null reading could be stabilized to give five significant figures in the potential 
reading with a 400-cycle input and was further improved with a 1000-cycle power input. Polar- 
ization was found to be less troublesome with the tank full of water than with a depth of only 
a few inches. 

Little is gained in obtaining great precision in the potential reading unless the position 
of the probe can be determined with like precision. For this reason, micrometer adjustments 
for positioning the probe were installed. In probing in contact with a model, it is extremely im- 
portant to bring the probe into contact with the model without bending the tip. An error of a 
few hundredths of an inch in the position of the probe may result in an error of several percent 


in a pressure distribution. To avoid bending the probe, an auxiliary circuit was set up in which 
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ll Resistors - 5000 ohm 


Helical Potentiometer 
400 ohm 


To Null Instrument 


Figure 4'- Diagram of the Decade Voltage Divider 


a flashlight bulb would light as soon as contact was made between the probe and the model. 
For this purpose, a fine wire, a few mils in diameter, is stretched along the contour of the 
model just above the water surface, and the auxiliary circuit is triggered when the probe just 
touches the wire. The auxiliary circuit is opened before the potential reading is taken. 
Careful manipulation of the micrometer screws enables contact with the body to be made with- 
out danger of bending the tip. 

An electronic voltmeter with a low range of 0.005 volts together with a preamplifier 
was used as a null instrument. This instrument proved to be more sensitive than a cathode- 
ray oscillograph in obtaining a null reading. As it was impossible to eliminate all pickup 
from the circuit, it was difficult to obtain an undistorted Lissajous figure with the high ampli- 
fication needed. © 

Although the double probe is not useful for probing in contact with a model, it is very 
useful for exploring the velocity and pressure fields away from the model. In probing in con- 
tact with the model, it would not be possible to use the technique of a fine wire along the con- 
tour and there would be danger of bending the tips and changing the spacing between them. 
However, the double-probe method has several important advantages in exploring the field 
away from the body. It is more convenient since potential differences, which are proportional 


to the velocities, are found directly without making a differentiation. For detecting small 
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5 Instrument 


Figure 5 - Wiring Diagram of the Electric Circuit Used with the Double Probe 


pressure changes with a single probe, the sensitivity of the circuit must be pushed to its 
limit where instability arising from polarization becomes troublesome. Polarization appears 
to be less troublesome with the double-probe circuit, and potential differences can be obtain- 
ed to three significant figures with an uncertainty of no more than 1 in the third place. 

The circuit used with the double probe which was developed at Dr. Malavard’s labora- 
tory’ is shown in Figure 5. The potential across the double probe is balanced by the poten- 
tial across 7, which is 

AV a 


V R+?, +f, 


[13] 


where V is the input potential. The resistances r, and 7, are the resistances on either arm of 
a slide wire voltage divider of about 100 ohms, and R is of the order of 100,000 ohms. The 
exact value of & depends upon the voltage gain or loss in the probe circuit and upon the de- 


sired range of r,. Then 


10 


wm FH 
eon [14] 
Omran, 


where r, corresponds to the free-stream velocity U, taken at a point far from the model. 


1 
i) : pela : 
A transformer with a high input impedance was chosen for the probe circuit, in order to 


avoid drawing current from the tank and changing the potential between the probes. An input 

voltage of either 400 or 60 cycles may be used as this circuit appears to be less sensitive to 

polarization than the single-probe circuit. The insertion of capacitors of suitable size across 
the primary or secondary of the transformer in the probe circuit eliminates phase shifts in the 
circuit and makes it possible to obtain a sharper null reading.* 

Since the voltage to the tank electrodes is supplied through an isolation transformer, it 
is necessary to connect the plates and auxiliary circuit in such a manner that the potentials 
oppose each other- Furthermore, since the circuit consists of two independent subcircuits, a 
small change in input voltage will change the over-all sensitivity of the circuit. For this 
reason, it is necessary to use a well-regulated voltage supply. In all studies with the double- 
probe technique at the Taylor Model Basin, the greatest source of error has been in the insta- 


bility of the input voltage which introduces an uncertainty in the value of the free-stream 


velocity. 


PROCEDURE FOR FINDING PRESSURE DISTRIBUTIONS BY THE 
SINGLE-PROBE METHOD 


Analogy A, in which a dielectric body is mounted in the tank, is used for finding pres- 
sure distributions. The electrodes are positioned on the transverse walls so that the equiv- 
alent flow is in the longitudinal or 2 direction. Before the body is mounted in the tank, the 
equivalent free-stream velocity Ug is determined from the gradient of the potential along the 
length of the tank. The curve obtained by plotting the electric potential V against 2 should 
be linear if the tank is properly leveled and the plates properly aligned. 

The model is mounted in the tank and carefully aligned with the longitudinal rail. The 
potential field about the body is determined in such a manner that the potential gradient along 


the contour of the model may be determined. When the arc length of the body as a function of 
z is known, the potential may be determined for small increments in 2 without regard for the 


value of y at different stations along the body. Then the potential gradient along the contour 
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* 
The double-probe circuit has recently been improved by inserting a Wagner ground across the probe circuit 


and eliminating the capacitors. 
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When the arc length as a function of 2 is not known, the increments in s must be computed 


from the measured increments of @ and y. 


oe (de? « Boll)? (16] 


With the micrometer screw adjustment, As may be determined to better than one thousandth of 
an inch. 


When-22 


ds 
velocity is given by 


has been determined, the ratio of the tangential velocity to the free-stream 
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TABLE 1 


Comparison of Experimental and Theoretical Data for Velocity and Pressure 
Distributions on a Sphere 


-(—— 


Theoretical 


qQooococceoa 
j.-0 ° e . e° 8 ° ° . 


0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
C. 


Pe ae ee ee ee ee oe ee om = 
ae ee a er ne 


12 


Lari riemerde am ie Lie 
1.41— 

1.2 af =e 

(oO ——— 


Theoretical Curve 
oElectrolytic Tank Values 


04 ae ines ae 
0.2 {__— = 1 ar 
lest [fea i______ 
0 0.1 0:2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
x 
aa 
Figure 6 - Velocity Distribution About a Sphere 
where (az ) is the potential gradient in the tank without the model. 
0 
The pressure coefficient at each point is found by the equation 
[18] 
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In the following examples, the experimental techniques used vary slightly for the dif- 


ferent bodies as improvements were made in the apparatus, instrumentation, and methods 


of analysis. 


SPHERE 


The first body of revolution investigated in the TMB electrolytic tank was a sphere. 


The model was a quarter section of a wax sphere 2.5 in. in radius; it was mounted on a poly- 


styrene plate which was aligned along one of the longitudinal walls of the tank. This body 
was studied before the introduction of the fine wire on the section above the water surface or 


the installation of the micrometer screws for the 2 and y motions; 60-cycle alternating current 


was used without a tuned circuit across the null instrument. Under these conditions, the 
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Figure 7 - Pressure Distribution About a Sphere 


potential could be read to five significant figures, with some uncertainty in the last place. 
The potential was determined all along the contour in increments of 0.01 in. in the 2 direction. 
Since the arc length s as a function of 2 is known for a sphere, V was plotted directly as a 
function of s on a scale large enough to include all the significant figures of the measure- 
ments, and a faired curve was drawn through the points. The slopes at representative points 
were computed by the extrapolation method described in Appendix A, using points from a faired 
curve through the experimental points. The tangential velocity coefficients obtained from 
these slopes using Equation [17] and the pressure coefficients obtained from Equation [18] are 
recorded in Table 1 together with the theoretical values. Graphs of the velocity and pressure 
coefficients are shown in Figures 6 and 7. 
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ELONGATED BODY OF REVOLUTION 


A quarter body of an elongated body of revolution was mounted on the side wall of the 
tank in the same manner as the sphere. The body chosen was one for which the velocity and 
pressure distribution had been determined by the theoretical method developed by 
Landweber.!© The equation of the body is 


y? =0.04(1 - 2*) [19] 


The model was made of wax with a length of 20 in. and a midsection radius of 2 in. The 
micrometer screws for z and y motions of the carriage had been added to the tank when this 


model was studied, but other improvements had not been made. 


TABLE 2 
Reduced Data for the Elongated Body of Revolution 


0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
OF 


ooooc”roocnroooocnoococooaooco CO OO OO OO ee eS eS ee 
cng aot res ely emule nem vest Vel Kafe (ef isla. per sella es ce oO oO ore Sore (el ie ese 
Dee 
Ce CO a (Ce OR Oe «se © e Cee itl: Ome t ° RRO: Scie ae fe 6 0 
OO OO we oo i oi i 
e 28 « emmre: ool eGo ete vent se don: shane Ge Mel, sven Mijela ele Jeu cole :elbeiy tao) “ecpacasl ce 


15 


ir © 
ot O O O~¢ 
O C O 
e 
ge, O O 
O 
~ o—O 0 
° s 
0 - O O 


O° Electrolytic Tank Values 


G Computed Values 


0.8 


: | 


0.4 | 
0.3 

y2= 0.04(I- x4) 
0.2 be 2 2 J 


0.1 a 
0 0.I 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 


I-x 


Figure 8 - Velocity Distribution About an Elongated Body of Revolution 


The potential was determined at 0.2-in. intervals over the flat section of the body and 
at finer intervals near the nose where the curvature is greater. The potential V was plotted 
as a function of « since-48 was known from Landweber’s analysis. The x component of the 
potential gradient was found from the faired curve through the experimental points as de- 
scribed in Appendix A. The tangential velocities were obtained from Equation [17]. The ex- 
perimental values of the velocity and pressure distributions are tabulated in Table 2 and are 
plotted in Figures 8 and 9. The values computed by Landweber’s theoretical method are 
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Figure 9 - Pressure Distribution About an Elongated Body of Revolution 


shown in Figures 8 and 9 and are tabulated in Table 3. 

The points obtained from the analysis of the electrolytic tank data are compared with 
those obtained by a theoretical analysis by Landweber’s method in Figure 9. It is seen that dis- 
crepancies are small everywhere except for a section near the middle of the body. A check 
of the body offsets show a mound 0.04 in. high and 3 in. broad about 3/4 in. beyond the center 
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TABLE 3 


Values of the Velocity and Pressure 
Coefficients for the Klongated Body 
of Revolution Computed by 

Landweber’s Method 


0. 0 
0. 0 
0. 0 
0. 0 
0. 0 
0. 0 
0. 0 
0. 0 


of the body. Hence, the pressure obtained between stations 0.8 and 1.0 on the body appear 
low due to the retardation of the stream in approaching the mound. Although the theory given 
in Appendix B does not give a good approximation for the flow approaching a mound, the in- 
crease in velocity over the mound would produce a decrease in pressure coefficient of about 


0.03. The increase in pressure obtained just ahead of the mound is of this order of magnitude. 


TORPEDO MODEL H-60 


A quarter body of torpedo model H-60 was machined out of wax and mounted on the side 
wall in one corner of the tank; see Figure 2a. In order to simulate a body infinitely long, the 
model was made 18 in. in length (which was as long as practicable) and was cemented to one 
of the electrodes to increase its effective length. The parallel section of the model had a 
radius of 2 in. 

The probing about the nose of this body for obtaining the potential gradients required 
greater precision than for the other bodies because of the large curvature and the rapidly 
changing potential gradient over this region. It was while working with this body that the 
wire along the contour just above the waterline was introduced and that the 400-cycle alter- 
nating current was substituted for the 60-cycle. These refinements became necessary because 
the potential differences as well as the increments in arc length were small. Potential read- 
ings were made at from 0.02- to 0.03-in. intervals over short segments at different stations 
along the body. Increments in arc length were obtained from Equation [16] from the measured 
increments in # and y. With the use of the fine wire along the body contour, there was no 


difficulty in reading the z and y coordinates in thousandths of an inch, and readings would 


ce) 0.4 08 1.2 1.6 2.0 2.4 2.8 3.2 3.6 40 


Figure 10 - Velocity Distribution About Torpedo Model H-60 


repeat well. With the 400-cycle voltage input and the 400-cycle tuned circuit across the null 
instrument, the potential could be read to six significant figures, with an uncertainty of from 
3 to 5 in the last place. The extrapolation method described in Appendix A was used in com- 
puting the potential gradients, but there was no need to use values of V and s from a faired 
curve since they had been measured to a sufficient number of significant figures. 


19 


1.0 T 7) aes 
© Electrolytic Tank Date 
Oo Water Tunnel Date 


Profile of Torpedo Model 


Figure 11 - Pressure Distribution About Torpedo Model H-60 


The velocity and pressure distributions obtained about model H-60 are shown in Fig- 
ures 10 and 11 and tabulated in Table 4. The experimental pressure measurements made with 
piezometer openings in a model tested in the water tunnel are also shown in Figure 11. Itis 
seen that the pressures obtained in the electrolytic tank are consistently higher than those ob- 
tained in the water tunnel. This discrepancy is believed to be caused by errors in machining 
the model. The curve of Figure 12 is drawn from the actual offsets of the wax electrolytic 
tank model while the correct offsets are indicated by circles. The two sets of offsets are 
drawn to be coincident at the nose. It is seen that the offsets from the electrolytic tank model 
do not fair into the straight section as fast as they should. If the forward part of the body may 
be represented by a prolate spheriod, the error increases the effective semimajor axis and the 
eccentricity. 

The method of computing the error in pressure coefficient from changes in eccentricity 
of a prolate ellipsoid is described in Appendix B. If the method is applied to compute the 
change in semimajor axis necessary to give the observed change in minimum pressure coef- 
ficient, the semimajor axis would have to increase about 10 percent. As this is the right order 
of magnitude for the increase in the semimajor axis, the observed pressure distribution appears 
to be consistent. 

The irregularity in the pressure distribution for z/b between 1.4’and 1.7 may be accoun- 


ted for by a small surface irregularity in this region. 


TABLE 4 


Experimental Data for Velocity and Pressure 
Distributions for Torpedo Model H-60 


0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
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0. 
0. 
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0. 
0. 
0. 
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Figure 12 - Comparison of the Offsets of the Wax Electrolytic-Tank 
Model of H-60 with the Correct Offsets 


PROCEDURE FOR FINDING PRESSURE FIELDS BY THE DOUBLE-PROBE METHOD 


To demonstrate the usefulness and reliability of the double-probe method in obtaining 
the field of pressure in the vicinity of a body, the field about the 2.5 in. radius sphere was 
mapped. The sphere was mounted on the longitudinal wall as described in the single-probe 
experiment, and the potential gradients in the z and y directions were obtained along longitu- 
dinal lines at various distances from the centerline. The velocity and direction of flow are 
obtained from the resultant potential gradient, and the pressure coefficient is obtained from 
Equation [18] where v7 is now the square of the resultant velocity. 

A reference point was found in the tank far enough from the model that free-stream con- 
ditions could be assumed to hold. The equivalent free-stream velocity was checked quite 
frequently to ensure that the line voltage had not changed and altered the sensitivity of the 
circuit. As the 400-cycle generator was not available for this investigation, it was necessary 
to use the 60-cycle line voltage with a voltage regulator. In spite of the voltage regulator, 
surges in line voltage often changed the potential gradient at the reference point by as much 
as 1 percent. 

The data were obtained at convenient intervals at constant distances out from the longi- 
tudinal wall of the tank. In order to fix the relative positions of the curves, potential gradi- 
ents were obtained along transverse lines at several representative stations. In this way, er 


rors arising from drifts in sensitivity of the circuit could be recognized and corrected. 
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Figure 18 - Pressure Field in a Meridian Plane About a Sphere 


(Solid lines are theoretical curves.) 


The pressure field obtained in a meridian plane about the sphere is shown in Figure 
18; the solid curves show the corresponding theoretical values. The scatter of the points 
from the theoretical curves is equivalent to an error of about 1 percent in determining the ve- 
locity. As the potential gradient can usually be obtained within 1 part in 500, the rest of the 


error is in the free-stream value or in setting the probe. 


PERSONNEL 


The electrolytic tank project was initiated by P. Eisenberg who prepared the prelim- 
inary design. The development of the tank, its equipment, and the experimental procedures 
were carried out by A. Borden with the assistance of W.E. Ball, Jr., and G.L. Shelton, Jr. 
The report was checked by P. Granville. 
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APPENDIX A 
GRAPHICAL EXTRAPOLATION METHOD FOR DETERMINING THE SLOPE OF A CURVE 


Any short segment of a curve which is continuous and fair may be approximated by a 


quadratic equation of the form 


y=az7+bzi+e [20]. 


To obtain the slope of the curve, the differential quotient Ay/Aza is found. At a neighboring 


point z + Az, y + Ay the approximate equation of the curve is 
y+ Ay=a(r+ Az)? + b(x+An)+e [21] . 


The slope of the curve between these two points is 


Ay 
Fn ae a [29]. 


Since 2az + 6 is constant for any selected point, the slope is a linear function of Az. 
To determine the slope at a point 2), y), the z and y coordinates of four or five points 
on one side of this point are recorded at convenient small intervals. Then the following dif- 


ferential quotients are obtained 


AY, Yi — Yo AY Yn -% 
= > — = ———— 


{23] 
Aa, a, -@, 


Az, Lr —-2 


0 2 0 


If the values of these quotients are plotted against Az on a large scale, the faired curve 
through them should be a straight line which, when extrapolated to Az = 0, gives the slope al 
the point 2), yy. If the faired curve is not a straight line, the last increments chosen are too 
large to satisfy the approximation made in Equation [21]. In practice it is preferable to obtain 
the differential quotients on both sides of the selected point and use the best line through all 
the points to find the intercept. This process makes it possible to obtain an extra significant 


figure in the slope of the curve. 
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APPENDIX B 


EFFECT OF ERRORS IN BODY SHAPE ON RESULTING VELOCITY 
AND PRESSURE DISTRIBUTIONS 


Errors in body shape may arise from misalignment of the body in the tank or from 
errors in machining. If the model may be approximated by a prolate ellipsoid, the errors in 
machining may produce a change in the eccentricity of the equivalent ellipsoid. On the other 
hand, a small mound or depression on a section where the transverse curvature is small may 
be treated as two-dimensional flow over a mound or depression. The error in pressure distri- 
bution produced by changes in eccentricity has been reported by Eisenberg, ! and the flow 
past a mound or depression is treated in standard texts on hydrodynamics, such as that by 
Milne-Thompson. ” The results of these investigations will be outlined here. 


The pressure coefficient for a prolate spheriod at an angle of attack a can be shown to 


be 
p 1 =? un B / 
i mort 3 ia eee cos? a + eee (1 - e*)(1-42) sin 2a cos w 
>? 
ag? [24] 
a 2 
+ B2 [i (aa eo? w| sin? a 
—e Lu 
where 
-1 
Lo gH lie 
ee - ie | [25] 
-1 
— l+e 
p= 26?|1- 262 - = hin | [26] 
-e 
The eccentricity 
2 
e=V1->5 [27] 
a 


where a and 6 are the semimajor and semiminor axes of the ellipsoid. Also, equals 2 where 
z is measured from the minor axis, and w is the angle between a meridian plane and the zy 


plane. At zero angle of attack, the minimum pressure coefficient at » =0 is 
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1,u2 min [28] 


The change in minimum pressure coefficient for a small change in eccentricity is 


a ( Pp ) 22(27n + e2 -3) Ae 
5eUG rs | (1 ~ e?) e [29] 


where Ae, obtained from differentiating Equation [27], is given approximately by 
1l-e?/5a 56 
Ke = —— |= = — [30] 


Although the shape of the body may depart appreciably from the shape of an ellipsoid, 
the required value of the eccentricity for the above equations may be found for that ellipsoid 
which has the same minimum pressure coefficient as the body investigated. Then the errors 
in the semimajor and semiminor axes of the body may be used to estimate the change in ec- 
centricity. 

To find the effect of a slight misalignment of the body, Equation [24] may be differ- 
entiated with respect to a. The change in pressure coefficient for small angles of attack 
(a = 0) ist 


2 
Op ae (1-27)(1-e%) Aa [31] 


2 1-e 
9? Vo 


The greatest change of pressure occurs not at the pressure minimum, y = 0, but at 


noe (sake [32] 
At this point 
P 1, 
eee 
(q =| ou (33] 
DOr 
and 
P 
a ) =-B7 ha [ 
34] 
1, U2 a 
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This analysis shows that although a small change in a may not affect the pressure minimum 
appreciably, it may produce changes in the shape of the pressure distribution curve. 

The error introduced by a small mound or depression in a body may be approximated by 
the two-dimensional flow over the arc of a circle extending from +c to ~c on the z axis. The 
complex potential for this flow is given by” 


2ci Uy E+itn 


w cot [35] 


where 


: : +i 
Z2=2+%y=i%¢c cot ——— [36] 


The stagnation streamline is obtained by letting é = - nn over the arc of the circle and € = 0 
on the plane. The shape of arc is determined by the parameter n, with n = 2 representing flow 
over a flat plate, n > 2 representing flow over a depression, and n < 2 representing flow over 
a mound. 

The curves 7 = constant are another set of circles othogonal to the first set and with 
centers on the axis. At the center of the arc x = 0, 7 =0, and at the edges eg = +¢, n =+0. 

For small mounds or depressions where the height ¢ is small compared with the half 
width c 


Game a a [37] 


Equation [37] may be used to determine n. 
The complex velocity over the arc of a circle may be found by differentiating Equation 
[35] with respect to 2 


+2 
4U, sin g 5) i i 
Teg OO Oe Oey [38] 
n sin 
n 
The square of the resultant velocity is then 
Dilie 2 
Oly, (a n-cos € ) [39] 
— fen fate anon 
Us n” \cosh — - ees 
n n 
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Equation [37] may be used to eliminate €andn. For small values of ¢/c near the center of 


the arc 


2 


2 
+0 2 
ox Aiea Le 1+ cosh 7 
y2 7C ba). ) [40] 
i) 1+ cosh 7 + — sinh n 
™C 


The plus signs are used for a mound and the minus signs for a depression. At the center of 
the arc where 7 = 0, the squared expression reduces to unity. Toward x = +c, the velocity 
approaches zero for a mound and infinity for a depression. Since such abrupt changes in 


slope would not be likely to be encountered on a machined body, Equation [40] should be used 
only for points near the center of the arc where 7 is small. 
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